Experimental measurements of escape performance in fishes have typically been conducted in still water; however, many fishes inhabit environments with flow that could impact escape behavior. We examined the influences of flow and predator attack direction on the escape behavior of fish, using juveniles of the amphidromous Hawaiian goby Sicyopterus stimpsoni. In nature, these fish must escape ambush predation while moving through streams with high-velocity flow. We measured the escape performance of juvenile gobies while exposing them to a range of water velocities encountered in natural streams and stimulating fish from three different directions. Frequency of response across treatments indicated strong effects of flow conditions and attack direction. Juvenile S. stimpsoni had uniformly high response rates for attacks from a caudal direction (opposite flow); however, response rates for attacks from a cranial direction (matching flow) decreased dramatically as flow speed increased. Mechanical stimuli produced by predators attacking in the same direction as flow might be masked by the flow environment, impairing the ability of prey to detect attacks. Thus, the likelihood of successful escape performance in fishes can depend critically on environmental context.
INTRODUCTION
The ability of prey to detect and respond to stimuli produced by predators is a critical factor in determining the outcome of predatorprey interactions. In fishes, one of the most common responses to predatory stimuli is the fast-start escape (Domenici, 2002; Hale, 1999; Webb, 1976) , in which the body bends into a C-or an S-shape before unfolding to generate thrust to escape from the stimulus (Anderson, 1988) . Fast-starts can be triggered by various stimuli, including visual sensory input (Eaton et al., 1977; Hale, 2002) and mechanical stimulation of the lateral line system (Stewart et al., 2013 (Stewart et al., , 2014 . Many aspects of fish biology can affect fast-start performance, including morphology (Law and Blake, 1996; Webb, 1976) , developmental stage (Hale, 1996 (Hale, , 1999 , behavior (Bohórquez-Herrera et al., 2013; Eaton et al., 1977) and physiology (Abrahams et al., 2007; Fu et al., 2015; Hale, 2002) .
Although previous studies have clarified several intrinsic features of prey fish that can affect escape success, nearly all have tested fish in still water. Given the large number of aquatic habitats in which flowing water prevails, the potential impact of a major environmental variable on escape performance remains largely untested. One exception is work by D. G. Roche (Effects of biotic and physical stressors on fish swimming performance and behavior, PhD thesis, Australian National University, 2014), who demonstrated that unsteady flows produced by oceanic waves affect escape response latency and total distance traveled in juvenile reef fishes. Many other habitats (e.g. streams, rivers) exhibit predominantly unidirectional flows that could have different impacts on escape performance. Such conditions can be tractably simulated in lab settings using flow tanks (Lacey et al., 2012) , but the impact of unidirectional flow on fish escapes has also received limited attention. Jayne and Lauder (1993) found differences in lateral displacement between escapes of bluegill sunfish in flowing versus still water, but did not compare many other aspects of performance. More recently, Chicoli and colleagues (2014) used flow tanks to compare escape responses from visual stimuli in schools of giant danio (Devario aequipinnatus). However, these trials were not designed to evaluate individual performance, or to stimulate the lateral line system, which is the primary source of sensory input for detecting and responding to aquatic predators in fish that employ fast-start escapes (Stewart et al., 2014) . Finally, a recent study of bluegill escapes from acoustic-pressure wave stimuli found that escapes made while swimming in flow were less variable, but had lower velocities and accelerations, than escapes made in still water, and that performance was greater for escapes directed downstream versus those directed upstream (Anwar et al., 2016) .
The probability of initiating an escape response varies with stimulus form (Domenici, 2002; Stewart et al., 2013 Stewart et al., , 2014 and the environment in which fish are attacked (Domenici, 2010a; Feitl et al., 2010) . If flow masks the perception of predator-induced stimuli by the lateral line system, this could increase the percentage of fish that fail to perform an escape response. Fewer fish would be predicted to respond at higher flow speeds, particularly when attacked from the same direction as flow.
For fish that do detect and respond to stimuli, the fast-start escape behavior was, historically, viewed as a fixed-action pattern (Anderson, 1988; Domenici and Blake, 1991) . Although some aspects of fast-start performance in fishes have been found to be independent of certain external factors (Binning et al., 2014; Fu et al., 2015) , other fast-start variables have shown context dependency (Domenici, 2010a) , and recent studies have indicated that viewing fast-starts as fixed actions is too simple (Abrahams et al., 2007; Domenici, 2010b; Marras et al., 2011; Tytell and Lauder, 2008) . Studies of the black goby showed that fish react proportionally to the perceived strength of a stimulus (Turesson et al., 2009) . If higher flow speeds dampen the ability of an individual to detect a stimulus, then larger escape angles might be expected in still water compared with flowing water. Alternatively, escapes might still be executed simply in a direction opposite to the stimulus (Domenici and Blake, 1997) , regardless of flow. It is also possible that flow could affect escape velocity and acceleration, depending on the direction of attack in relation to ambient flow. For example, if a fish were oriented upstream and attacked cranially (i.e. the same direction as stream flow), an escape oriented in the same direction as flow could increase the velocity and acceleration of the escape. Such impacts on fast-start performance could become more pronounced as flow speed increased.
Another factor that may influence escape performance under variable flow conditions is fish shape. Many fish exhibit a morphological trade-off, in which tall-bodied fish are better at escaping predation, but more streamlined fish experience lower drag (Blob et al., 2010; Domenici et al., 2008; Webb, 1984) . Such morphological variation might correlate with how fishes execute escapes in flow. For example, when escaping in flowing water, fish with a more streamlined morphology might be expected to escape upstream (into oncoming flow) more often than those that are less streamlined.
To test for potential impacts of flow on escape behavior in fishes, we collected fast-start performance data from fish in which escape responses in flow have particular ecological relevance: juveniles of the amphidromous Hawaiian goby, Sicyopterus stimpsoni. Juvenile S. stimpsoni migrate upstream and against flow from larval habitats in the ocean to adult inland habitats in streams and rivers (Blob et al., 2010; Leonard et al., 2012; Moody et al., 2015) . These gobies are well known for their ability to climb waterfalls (Fitzsimons et al., 1997; Schoenfuss and Blob, 2003) ; however, before reaching these predator-free environments, juvenile S. stimpsoni must navigate lower stream reaches with high densities of an ambush predator, the Hawaiian sleeper Eleotris sandwicensis (Blob et al., 2010; Maie et al., 2014) .
To conduct our tests, we collected high-speed video of fast-start escapes by juvenile S. stimpsoni in response to multiple stimulus directions and across a gradient of flow speeds. With these data, we tested the following predictions: (1) the proportion of fish responding to stimuli will decrease if fish are attacked in the same direction as ambient flow, especially as flow speeds increase; (2) larger escape angles will occur in still water than in flow, or alternatively (3) escape angle is correlated with attack stimulus angle, regardless of flow speed; (4) more streamlined fish will escape upstream more frequently; and (5) fish attacked from the cranial direction will have higher peak velocities and accelerations than fish attacked from lateral or caudal directions as a result of aid from ambient flow, particularly as flow speed increases. Results from these analyses provide a new perspective on how the environment can influence escape performance of fishes in habitats commonly encountered in nature. Escape behavior trials and morphological data collection Trials were conducted in a custom-built flow tank with continuous speed control and a 127.0×10.2×12.7 cm working area, fitted with a flow-through experimental chamber that restricted the filming area (22.9×10.2×12.7 cm) without the risk of fish encountering walls. Trials were filmed with a high-speed video camera (Fastec Highspec 2G, 1000 Hz), using a mirror angled at 45 deg to the clear bottom of the tank. Sicyopterus stimpsoni show strong positive orientation to current and commonly swim along benthic surfaces, periodically resting by attaching to substrates with a ventral sucker formed from their pelvic fins Schoenfuss and Blob, 2003) . Therefore, before applying a stimulus, all fish were allowed to come to a rest (i.e. stop moving) on the floor of the arena and orient in the same, head-upstream direction. No visible detachment motion was observed for recorded escape responses.
To stimulate escape responses, we modeled the mechanical (nonvisual) stimulus imposed by predatory strikes by using a syringe connected to transparent tubing (4 mm diameter vinyl airline) to generate a rapid pulse of water directed towards the fish. We acknowledge that, in nature, fish could also use visual stimuli to detect predators. However, the primary predator of S. stimpsoni (E. sandwicensis) attacks from ambush (Maie et al., 2014) , which likely limits the opportunity for visual perception, particularly for attacks from the side or rear; moreover, our initial applications of visual stimuli failed to elicit any escape responses, regardless of flow speed. To keep the application of the stimulus as consistent as possible across trials, the syringe was filled to the same volume (5 ml) and depressed by the operator with maximum force for each trial. Although rigid control of the distance between the stimulus and each fish was not possible, effort was made to maintain a consistent distance (∼2 cm) across trials. Each trial was conducted on a new fish, with the water pulses directed parallel to the floor of the arena. To ensure maximal consistency of trial conditions within a block, the order of trial categories (see below) was not randomized, but rather each block of trials under a set of conditions was completed before conditions were changed. If the application of a stimulus failed to elicit an escape response from a fish, the trial was considered valid and contributed to evaluations of the proportion of fish that responded under each treatment; however, further performance variables were not calculated for these trials (i.e. average values of performance variables for treatments do not include zeros for trials with failed responses).
Trials were conducted at three flow speeds (still water, 15 cm s −1 and 30 cm s −1 ), spanning a common range of flow speeds encountered by S. stimpsoni in nature (Fitzsimons et al., 1997) . Flow tank speeds were calibrated with a flow meter (FlowMate 200, . Water depth in the tank and the depth at which flow speed measurements were taken were consistent across all trials (12.7 and 2.5 cm, respectively). Attack stimuli were applied from one of three directions relative to the starting orientation of the fish (Fig. S1 ): cranial (0-60 deg; mean±circular s.d., 20.9±1.9 deg), lateral (61-120 deg, 89.9±1.9 deg) or caudal (121-180 deg, 164.5±2.5 deg). Thus, our study had nine treatment categories across all combinations of flow speed and stimulus direction. While attack angle was measured as a continuous variable, these angles were not evenly distributed, but clustered into three attack directions (Fig. S1) , as intended by design. While we acknowledge that, within a single category, angles are not normally clustered around the mean of that category ( Fig. S1B-E) , each category was non-overlapping and averages are separated by over 60 deg (Fig. S1A) . Consequently, we reduced these data to three attack directions (cranial, lateral and caudal) to better detect general patterns of escape behavior as they related to the interactions with environmental flow conditions, which was the overall goal of this study. When we ran our model selection with continuous attack angles, our analyses produced the same best models (those with an Akaike information criterion difference, ΔAIC, below 2.0) as the model selection with categorical attack direction (Table S1) .
After escape response trials, fish were killed by placing them in 0.25 g l −1 tricaine methanesulfonate (MS-222) solution, photographed for morphological measurements ( performed using ImageJ 2014, NIH, Bethesda, MD, USA), and fixed in formalin. Specimens were later transferred to 70% ethanol for preservation. Fineness ratio was calculated for each fish as standard length divided by maximum height (Webb and Weihs, 1986) . This measurement of overall body shape was considered to reflect relative streamlining, and was compared with escape performance to test for correlations with morphology.
Data analysis
For each trial, we digitized the midline of the fish from the first frame commencing movement, through to the end of stage two of the escape response, using DLT Data Viewer (Hedrick, 2008) . From these data, the angle of attack was calculated from the first video frame of each trial as the angle between two vectors: the first from the center of mass to the most rostral point of the fish, and the second from the center of mass to the stimulus point (Domenici and Blake, 1991; Stewart et al., 2013) . Based on data from 10 representative fish, we estimated the center of mass as occurring at a point along the midline approximately 44% of body length from the tip of the snout (Webb, 1976) . Angle of escape was calculated for each video frame as the difference between the orientation of the center of mass-torostrum vector for that frame, and the orientation of that vector in the first analyzed frame (i.e. the starting orientation of the fish). Comparisons of escape angle across trials were based on the value measured at 30 ms after the escape response commenced. This time increment was chosen because it is within the average time taken by predatory E. sandwicensis to perform successful strikes on juvenile goby prey (Maie et al., 2014) . We also measured escape angle at the end of stage one of the escape response (Table S2A ; Fig. S2 ) to facilitate comparisons with other studies of escape responses based on such values. Because comparative patterns of performance based on these conventions were similar across our treatments, we focused our interpretation of results on the patterns derived from measurements at 30 ms, based on their ecological relevance for S. stimpsoni. Complementary to instantaneous escape angle, we also measured the angle between the stimulus and the orientation of the fish at the end of stage one of the escape response to evaluate the direction the fish takes with respect to the stimulus.
For each frame of a digitized sequence, we used a cubic spline interpolating function to identify the stretched-straight center of mass as the point 44% along the length of the midline from the tip of the snout. We computed smoothed position, velocity and acceleration of these points using a quintic spline (Walker et al., 2005) . We used cross-validation to find a global optimum smoothing parameter used for all sequences. To find this parameter, we digitized five trials five times each, generating five replicate center-of-mass paths for each trial. For each pair of replicates within a trial, we designated one replicate the training replicate and the other the test replicate. We then found the parameter that minimized the root mean squared error (RMSE) in predicting the test replicate from splines fitted to the training replicate. The optimal parameter for the trial was the median of the parameters that minimized the RMSE computed for all 20 pair-wise combinations of training-test replicates. The global smoothing parameter was the median of the five optimal parameters for each trial with replicated measures. All quintic splines were fitted using the pspline package in R (version 1.0-16, https://cran.r-project.org/web/packages/pspline/index.html).
Statistical analysis
We explored the effects of stimulus direction (SD), flow speed (FS) and fineness ratio (FR) on five response variables: the probability of an escape response, the escape angle, the final angle from the stimulus, and escape performance (peak velocity and peak acceleration of the escape). The full model includes two fixed effects (SD and FS), one covariate (FR), and all interactions. In order to estimate effect sizes, we pooled across terms (main effects and interaction effects) that add little information to the predictability of the response. We fitted all sub-models of the fully factorial model and ranked these by ΔAIC, the difference between the AIC of the submodel and the minimum AIC among all models (Burnham et al., 2011) . AIC is a comparative measure of model fit adjusted by the number of parameters in the model so that more complex models are not necessarily better. We estimated effect sizes using the terms in the minimum AIC model, but also comment on additional models with small ΔAIC. To guide our interpretation of the experimental results, we also computed adjusted R 2 values of each sub-model. To model the probability of an escape response, we used a generalized linear model with a logit link function, which transforms the predicted values from a linear model to a distribution that approximates the response variable. Individuals were scored as 'success' if they responded to the stimulus with an escape response or 'failure' otherwise. We used McFadden's adjusted R 2 for the logistic model.
RESULTS

Proportion of fish responding to stimulus
Overall, 77% of the fish responded to the stimulus. The minimum AIC model (adjusted R 2 =0.25) included SD, FS and their interaction, but not FR (Table 1, Fig. 1 ; Table S3A ). SD and FS had a large non-additive effect on the frequency of response that was largely confined to the fish attacked cranially (Fig. 1) . When fish Tables S2B and S3A-D. were attacked cranially, there was a dramatic increase in response failure as flow speed increased, moving from 11% failure in still water, to 24% failure at 15 cm s −1 , to 70% failure at 30 cm s −1 (Fig. 1) . In contrast, for fish attacked caudally, the percentage of fish responding was consistently high (95% or higher) regardless of flow speed (Fig. 1) . The second and third smallest AIC models included FR as an additive effect (ΔAIC=1.9) and a non-additive effect interacting with FS (ΔAIC=2.5). The non-adjusted R 2 for these models increased less than 1.7% with these additions (Table 1;  Table S3A ), indicating that FR has a very noisy and possibly inconsistent effect across SD by FS treatments.
Angular movements
The grand mean escape angle (relative to the starting orientation of the fish) was 43.7 deg and ranged from 30.0 to 69.8 deg among the FS by SD treatments (Table S4) . The minimum AIC model included only SD (adjusted R 2 =0.11; Table 1; Table S3B ). This result is evident in Fig. 2A , which shows a large SD but not FS effect, with larger escape angles for fish stimulated from the front (cranial) regardless of FS. Ignoring FS and FR, fish attacked cranially increased escape angle by 26.5 deg (95% confidence interval, CI: 11.9-41.0 deg) and 26.9 deg (95% CI: 13.7-40.0 deg) relative to lateral and caudal attacks. If added to the minimum AIC model, FR has a negative, but seemingly trivial, effect on escape angle (β=−2.7 deg per unit fineness, 95% CI: −11.3 to 6.0 deg). When escape angle was measured relative to the stimulus, rather than the starting orientation of the fish, the minimum AIC model also included only SD (adjusted R 2 =0.67; Table 1; Table S2B ). This result is evident in Fig. 2B , which again shows a large SD but not FS effect, with escape angle from stimulus increasing as attack angle increases.
Peak velocity and acceleration
The mean peak escape velocity was 74.8±2.12 cm s −1 (mean±s.e.m.). No combination of SD, FS and FR explained more than 3% of the variance in peak escape velocity (Table S3C) . Consequently, we do not report or interpret the measured effect sizes. The mean peak escape acceleration was 7976.3±268.0 cm s −2 . The minimum AIC model (adjusted R 2 =0.07) included SD, FR and their interaction, but not FS (Table 1; Table S3D ). Fig. 3 shows that peak escape acceleration increases with FR, but the magnitude depends on the SD. Ignoring FS (the minimum AIC model), the effect of FR was highest in the cranially stimulated fish (β: 26.5 cm s −2 per unit fineness, 95% CI: 9.2-43.9 cm s −2 ), intermediate in the laterally stimulated fish (β: 8.4 cm s −2 , 95% CI: −14.9 to 31.6 cm s −2 ), and lowest in the caudally stimulated fish (β: 3.6 cm s ). The consequence of the interaction is that at high (but not low) FR, SD has a large effect. For example, at FR equal to 9.5, cranially stimulated fish are expected to peak at 125.3 cm s The strongest indication that flow conditions can affect the escape responses of fish emerged through comparisons of response failure across treatments. Whereas juvenile S. stimpsoni had uniformly high response rates for attacks from a caudal direction, response rates for attacks from the cranial direction decreased dramatically as flow speed increased, shifting from 11% failure in still water to 70% failure at 30 cm s −1 (Table S4 ; Fig. 1 ). The frequent failure of fish to respond to flow pulses from the cranial direction might be the result of high flows masking the stimulus, thereby reducing the ability of the prey's lateral line to detect the simulated predator. In contrast, proprioceptive capacity of the fins (e.g. caudal fin) may facilitate responses to flow pulses from the caudal direction that oppose ambient flow (Flammang and Lauder, 2013; Williams et al., 2013) . The strength of a stimulus relative to the strength of alternative environmental cues has been shown to influence the type and number of escape responses in animals, including fish (Abrahams and Kattenfeld, 1997; Domenici, 2010a ; D. G. Roche, Effects of biotic and physical stressors on fish swimming performance and behavior, PhD thesis, Australian National University, 2014). Moreover, fish with compromised lateral line systems typically fail to perform faststart escapes in response to stimuli, even when the visual system remains intact (Stewart et al., 2014 ; but see Mirjany et al., 2011) . Considering the frequent failure of juvenile S. stimpsoni to respond to cranial attacks in high flow, it is possible that positively rheotactic fish like this species may be most vulnerable to attacks from the cranial direction during upstream migrations. Field observations of attack directions by E. sandwicensis on migrating gobies could test whether these predators typically attack from directions or in flow environments that mask their approach (Rubin et al., 2016) .
When they responded, juvenile S. stimpsoni attacked from a cranial direction showed greater escape angles than fish attacked from other directions, regardless of flow ( Fig. 2A) . We had initially predicted that still water trials would result in greater escape angles than trials in flow, potentially due to hydrodynamic drag imposed by flow that could impede movement by escaping fishes. Instead, at least during attacks from the cranial direction, it is possible that drift imposed by flow might increase escape angles of fish. This passive explanation would be consistent with behavioral evidence indicating that the underlying neural command of fast-starts is ballistic, and does not use additional sensory information from stimuli once movement begins (Eaton and Emberley, 1991) . Such responses would, thus, override the strong directional rheotaxis exhibited by juvenile S. stimpsoni during upstream migrations (Leonard et al., 2012; Schoenfuss and Blob, 2003) . Moreover, because all fish were oriented upstream at the start of trials, their initial rotation during an escape was in a direction toward the predator when they were attacked from a caudal direction. Such initial responses could be disadvantageous, even if modulated in later stages of the escape.
We found no patterns in the effects of stimulus direction or flow speed on peak escape velocity (Table S3C ). Many studies have found limited responses of fast-start velocity to a variety of changing conditions (Feitl et al., 2010; Fu et al., 2015) . Because the movement of water from the jet stimulus was not visible, it was not possible to evaluate response latency in this study, but further trials (e.g. with jets of dyed water) could be performed to test for such responses.
In contrast to peak velocity, peak acceleration showed stronger effects exerted by stimulus direction and fineness ratio. For attacks from the cranial direction at intermediate flow speeds, more streamlined fish exhibited higher peak accelerations than tallerbodied fish. These results support the potential for ambient flow conditions to affect fast-start escapes (Anwar et al., 2016) . Specifically, when fish are oriented with the head into the flow, escapes from cranial attacks could be aided by ambient flow during movement away from a predator. Although these patterns were limited to a single treatment, they indicate potentially complicated relationships between body shape and fast-start performance (Walker, 1997; Webb, 1978) .
Migratory fishes that depend on flow stimuli, such as S. stimpsoni, have been used to detect early changes in stream ecosystems in response to anthropogenic activities (Donaldson et al., 2013; Schoenfuss and Blob, 2007) . Many streams can be subject to rapid changes in flow conditions (e.g. flash flooding), but little is known about how changes in flow conditions affect stream communities (Fitzsimons et al., 1997; Julius, 2007) . The results of this study show that the likelihood of successful functional performance can depend critically on environmental context. Thus, understanding the escape performance of fish in flow environments can contribute to understanding how predator-prey interactions might be affected by the prospect of changing environmental conditions (Abrahams et al., 2007) . 
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